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SUMMARY 19
Maternal transmission of intracellular microbes is pivotal in establishing long-term, intimate 20 symbioses. For germline microbes that exert negative reproductive effects on their hosts, 21 selection can theoretically favor the spread of host genes that counteract the microbe's harmful 22 effects. Here, we leverage a major difference in bacterial (Wolbachia pipientis) titers between 23 closely-related wasp species with forward genetic, transcriptomic, and cytological approaches to 24 map two quantitative trait loci that suppress bacterial titers via a maternal effect. Fine mapping 25
and knockdown experiments identify the gene Wolbachia density suppressor (Wds), which 26 dominantly suppresses bacterial transmission from mother to embryo. Wds evolved by lineage-27 specific non-synonymous changes driven by positive selection. Collectively, our findings 28 demonstrate that a genetically simple change arose by Darwinian selection in less than a million 29 years to regulate maternally transmitted bacteria via a dominant, maternal effect gene. 30
INTRODUCTION 31
Many animals harbor microorganisms that participate in beneficial processes as diverse 32 as nutritional uptake and metabolism [1, 2] , immune cell development [3, 4] , and pathogen 33 resistance [5, 6] . However, even innocuous microbes can become harmful when not properly 34 regulated [7, 8] . Moreover, intracellular symbionts that are maternally transmitted over multiple 35 host generations can impose long-term, negative fitness effects on their hosts [9, 10] . In these 36 intimate and enduring symbioses, hosts are predicted to evolve suppression that reduces the 37 harmful effects of the symbiont [11, 12] . However, little is known about the genes and 38 evolutionary forces that underpin regulation of maternally-transmitted symbionts despite the 39 repeated and independent origins of maternal transmission in diverse host taxa [13] . Reverse 40 genetic studies in insects suggest immune or developmental genes may evolve to affect 41 endosymbiont densities [14-16] but, to our knowledge, no studies have utilized forward genetic 42 approaches to identify the gene(s) underlying variation in host regulation of maternally-43 transmitted symbionts. 44
Here, we utilize a major host interspecific difference in titers of the maternally-45 transmitted bacteria Wolbachia and quantitative trait loci analyses to identify a maternal effect, 46 suppressor gene in the Nasonia model. Nasonia (Order: Hymenoptera) is a genus of parasitoid 47 wasps comprised of four closely-related species, with N. vitripennis last sharing a common 48 ancestor with the other three species approximately one million years ago [17, 18] . In the lab, 49 interspecific crosses of Nasonia species with the same or no Wolbachia produce viable and 50 fertile hybrid females, which permits the transfer of genetic or cytoplasmic material (including 51 intracellular Wolbachia) between Nasonia species. Consequently, Nasonia is a powerful model 52 5 background from the high-density N. giraulti line (IntG). Since both the native N. vitripennis and 76 the wVitA-infected N. giraulti IntG lines have the same cytotype, the interspecific Wolbachia 77 density variation is established by variation in the host nuclear genome [37] . In this study, we 78 utilize several forward genetic techniques in Nasonia to dissect the genetic, evolutionary, and 79 cytological basis of maternal regulation of Wolbachia. The varied approaches culminate in the 80 characterization of two quantitative trait loci and the discovery of Wolbachia density suppressor 81 (Wds), a positively-selected, maternal effect gene that suppresses the transmission of Wolbachia. 82
83

RESULTS
84
Nasonia vitripennis dominantly suppresses wVitA titers through a maternal genetic effect 85
To determine the inheritance pattern of wVitA densities, we reciprocally crossed N. 86 vitripennis (low-density) and N. giraulti IntG (high-density) individuals and measured the 87 Wolbachia densities of F1 female hybrids using quantitative PCR (qPCR) for a single-copy 88
Wolbachia gene (groEL) normalized to a Nasonia gene (NvS6K) ( Figure 1A ). The average F1 89 female pupal Wolbachia densities from pure-breeding N. vitripennis (N = 5) and N. giraulti 90 control families (N = 5) were 0.057 ± 0.004 and 4.805 ± 1.071 (mean ± S.E.M.), respectively, 91 which represents an 84-fold interspecific difference in Wolbachia titers and is consistent with 92 previous studies [37] . Interestingly, while F1 hybrid females from both crosses had identical 93 genotypes (i.e., heterozygous at all loci) and the same cytotype (N. vitripennis), the average 94 Wolbachia densities in reciprocal F1 hybrid females were significantly different at 0.149 ± 0.029 95 vs 1.746 ± 0.187 ( Figure 1A , N = 10 for both crosses, Kruskal-Wallis test: H = 24.99, df = 3, p < 96 0.0001, Dunn's multiple comparisons test: p = 0.03). 97
To test whether the difference in F1 Wolbachia densities was due to maternal Wolbachia 98 load or to a maternal genetic effect, we backcrossed F1 females to their paternal line and pooled 99 6 five female F2 pupae per F1 mother for qPCR ( Figure 1B ). If a maternal genetic effect regulates 100
Wolbachia densities, F2 pupae from both experimental lines should have similar Wolbachia 101 levels since F1 hybrid mothers are genotypically identical. Indeed, the densities of F2 pupal 102 offspring of both low-and high-density F1 mothers were not significantly different ( Figure 1B , 103 0.086 ± 0.007, N = 14, and 0.161 ± 0.024, N = 13, respectively, Dunn's multiple comparisons 104 test: p = 0.18), supporting the inference that maternal nuclear genotype plays an important role in 105 regulating Wolbachia densities. Furthermore, since the densities of both F2 hybrid groups were 106 more similar to the N. vitripennis control (0.053 ± 0.001, N = 6) than to the N. giraulti control 107 (3.364 ± 0.174, N = 6), the N. vitripennis suppression gene(s) producing the low Wolbachia 108 density phenotype is dominant ( Figure 1B We previously showed that variation in wVitA loads between N. vitripennis and N. 113 giraulti exists in early embryos, with strict posterior localization of wVitA in N. vitripennis that 114 is perturbed in N. giraulti embryos [37]. Since the wVitA density disparity is partially controlled 115 through a maternal genetic effect ( Figure 1B ), we reasoned that an embryonic disparity in wVitA 116 densities between N. vitripennis and N. giraulti is likely established in the egg chamber during 117 oogenesis ( Figure 2A ). Indeed, nucleic acid staining with SYTOX Green revealed that fewer 118 wVitA bacteria are present in stage three N. vitripennis egg chambers ( Figure 2B ) than in N. 119 giraulti ones at the same stage ( Figure 2E , Figure S1 ). Once in the oocyte, wVitA localizes to the 120 posterior pole at low density in N. vitripennis ( Figure 2B ) but occurs at high density in the 121 posterior pole with an expanded distribution toward the anterior end of the oocyte in N. giraulti 122 7 ( Figure 2E ). The lack of puncta in ovaries from uninfected N. vitripennis confirms that the 123 SYTOX nucleic acid dye effectively stains Wolbachia but no other cytoplasmic elements, such 124 as mitochondria ( Figure 2D ). Altogether, the distribution and density of wVitA in oocytes of 125 these two Nasonia species perfectly mirror their embryonic wVitA patterns ( Figure 2C In an initial approach to determine the location and number of loci that suppress wVitA 133 densities in N. vitripennis, we selected upon the low-density phenotype of this species while 134 serially backcrossing hybrid females to N. giraulti IntG males ( Figure 3A ). Since the phenotype 135 is controlled through a maternal genetic effect, hybrid females were selected based on the wVitA 136 densities of their offspring, with sisters of the low-density offspring used as mothers in the next 137 round of introgression ( Figure 3A ). Two independent selection lines were generated 138 simultaneously to help discriminate between N. vitripennis regions maintained due to selection 139 (present in both lines) versus those maintained through chance (present in only one line). 140
For each independent line, DNA from three females that produced ninth-generation 141 offspring with the lowest Wolbachia densities were pooled and genotyped on a Nasonia 142 genotyping microarray composed of 19,681 sequence markers that differ between N. vitripennis 143 and N. giraulti (Table S1 ). Using genotype data for selected individuals and phenotype data for 163 all F2 females (Data S1), we identified two significant QTL regions at a genome-wide 164 significance level of α = 0.05 (LOD > 2.29): one QTL peak on chromosome 2 at 43 cM (p < 165 0.001) and the other on chromosome 3 at 41.5 cM (p < 0.001, Figure 3C ). Strikingly, the 95% 166
Bayes credible interval on chromosome 2 corresponds to the same region identified by the 167 genotyping microarray as enriched for N. vitripennis alleles in introgression Line 1 (38 cM -168 9 51.1 cM), while the 95% Bayes credible interval on chromosome 3 also contains a region that 169 was enriched for N. vitripennis alleles (35 cM -47.5 cM) in both introgression lines. Thus, the 170 microarray and QTL analyses complement each other and confirm that suppressor genes of 171 major effect for wVitA density are located near the centromeric regions on chromosomes 2 and 172
173
As a negative control, we genotyped the same individuals with markers located on 174
Nasonia chromosome 1 (Data S1), which was not enriched for N. vitripennis alleles after the 175 selection introgression. In the QTL analysis, the highest peak on chromosome 1 was not 176 statistically significant ( Figure 3C ), indicating again that chromosomes 2 and 3 are likely the 177 only chromosomes harboring genes of major effect for the wVitA density trait. 178
To determine the effect of each QTL on density suppression, the average percent 179 reduction in F3 pupal Wolbachia densities was calculated for the F2 females with N. vitripennis 180 alleles at markers close to one or both of the calculated QTL peaks. Females with N. vitripennis 181 chromosome 2 or chromosome 3 QTLs produced offspring with a 52% or 32% reduction in 182 densities, respectively, compared to offspring of females that were homozygous N. giraulti at 183 both QTL loci ( Figure 3C , inset). Furthermore, these effects acted additively for a 91% reduction 184 in densities in offspring of females with N. vitripennis alleles at both loci compared to offspring 185 of F2 females with N. giraulti alleles at both loci ( Figure 3C , inset). 186 187
Marker-assisted introgression confirms and narrows the maternal effect suppressor QTL 188 on chromosome 3 189
To validate the QTLs on chromosomes 2 and 3 and narrow the gene candidate regions, 190
we independently introgressed the QTL regions from N. vitripennis into an N. giraulti IntG 191 background for at least nine generations using marker-assisted selection (similar to Figure 3A , 192 see STAR Methods). After the ninth generation, we conducted sibling matings to produce 193 segmental introgression lines that were homozygous N. vitripennis for the marker of interest. 194
Unfortunately, generating N. vitripennis homozygous lines for the chromosome 2 region was not 195 possible due to hybrid sterility, so we focused exclusively on the chromosome 3 region. 196
The initial homozygous and heterozygous introgression lines generated from sibling 197 matings identified a candidate region 3.4 Mb in size containing 288 genes (Line IntC3) that Wds v transcripts in IntC3 mothers will result in reduced density suppression and, consequently, 243 an increase in wVitA levels in the resulting embryos. Indeed, injection of IntC3 mothers with 244 dsRNA against Wds v significantly increased offspring embryonic wVitA densities (696 ± 67.9, N 245 = 24) by 56% or 63% compared to embryonic wVitA densities from mothers injected with 246 dsRNA against a control bacterial gene, maltose transporter subunit E (malE) (447 ± 52.1, N = 247 24) or buffer-injected females (426 ± 50.3, N = 23), respectively ( Figure 5A , Kruskal-Wallis test: 248 H = 13.1, df = 3, p < 0.01, Dunn's multiple comparisons test: p = 0.006 and p = 0.027 compared 249
to Wds v group). This increase coincided with a 57% knock-down in Wds v gene expression in 250
RNAi females compared to the buffer-injected controls ( Figure 5B , Mann Whitney U test, p = 251 0.0015). Furthermore, we compared embryonic wVitA densities from mothers injected with 252 dsRNA against Nasonia gene LOC100679394 (Mucin-5AC), a gene that was significantly 253 upregulated in N. vitripennis but immediately outside the chromosome 3 candidate region. 254
Embryos from mothers injected with dsRNA against Mucin-5AC did not produce significantly 255 higher wVitA densities (459 ± 75.9, N = 25) compared to embryos from either malE-RNAi (447 256 ± 52.1, N = 24) or buffer-injected females (426 ± 50.3, N = 25, Figure 5A ), even though Mucin-257 5AC-RNAi mothers had a 71% decrease in Mucin-5AC gene expression versus buffer-injected 258 controls ( Figure S3 , Mann Whitney U test p = 0.0003). Figure 6A ). Between the 274 more closely-related N. giraulti and N. longicornis species that diverged approximately 400,000 275 years ago [17], Wds is 99% identical with two amino acid differences that evolved specifically in 276 N. giraulti ( Figure 6A ). Interestingly, Wds in Trichomalopsis sarcophagae, the wasp species 277 most closely-related to Nasonia [44], shares 95% amino acid identity to the N. vitripennis 278 protein, but 97% and 98% identity to the N. giraulti and N. longicornis proteins, respectively 279 ( Figure 6A ). Taken together, there are seven unique amino acid changes in N. vitripennis that led 280 to accelerated protein sequence evolution in Wds v (Figures 6A, B ). Furthermore, three of those 281 seven amino acid changes fall within a region of high positive selection based on a sliding 282 14 window analysis of the Ka/Ks ratio ( Figure 6C) [45]. Additionally, these changes are associated 283 with a shift in the isoelectric point (pI) of the Wds protein, an important factor in protein 284 evolution [46] . The pI drops from 9.24 in N. vitripennis to 8.75 in N. giraulti. In contrast, the 285 isoelectric point difference for the Mucin-5AC control is minimal (ΔpI = 0.04). 286
Overall, Wds in the N. vitripennis lineage experienced recent amino acid substitutions, 287 possibly in response to acquisition of the wVitA Wolbachia strain that horizontally transferred 288 into N. vitripennis after N. vitripennis' divergence from its common ancestor with N. giraulti and 289 N. longicornis [39] . Outside of these four species, the next closest Wds orthologs are found in 290 wasps such as Trichogramma pretiosum, Copidosoma floridanum, and Polistes canadensis, but 291 they only share 29% -42% amino acid identity to Wds v across a majority of the sequence (Table  292 S4). While more distant orthologs are present in other Hymenopterans such as bees and ants 293 (Table S4) , only portions of the proteins can be properly aligned. Therefore, our findings 294 demonstrate a rapidly evolving, taxon-restricted gene can contribute directly to the adaptive 295 evolution of regulating maternal symbiont transmission. 296
DISCUSSION 297
The main goal of this study was to determine the number and types of gene(s) that control 298 the most widespread, maternally-transmitted symbiont in animals [23, 24] . Unlike reverse 299 genetic screens that mutate genes and then look for phenotypes, which may produce off-target 300 effects unrelated to the true function of the protein, this forward genetic screen utilized an 301 unbiased, candidate-blind approach to dissect the genetic basis of variation in host suppression of 302 maternally-transmitted Wolbachia. We found that suppression of wVitA in N. vitripennis can be 303 mapped to two regions of the Nasonia genome that regulate nearly all of the Wolbachia density 304 suppression. 305
The identification of the Wds gene demonstrates that host regulation of maternally-306 transmitted symbiont density is adaptive and can proceed through lineage-specific amino acid 307 changes in a maternal effect gene. The N. vitripennis-specific substitutions in Wds were possibly 308 driven by N. vitripennis's acquisition of wVitA after its divergence with N. giraulti [39] . Indeed, 309 another N. vitripennis-specific Wolbachia strain, wVitB, maintains its low levels after transfer to 310 N. giraulti [37] , indicating that Wds v may encode a specific regulator of wVitA. Furthermore, N. 311 giraulti maintains its native wGirA Wolbachia strain at comparable levels to wVitA in N. 312 vitripennis [37], but whether Wds g is involved in regulating wGirA remains to be tested. 313
The Wds protein has areas of low complexity and a predicted signal peptide at its N-314 terminus ( Figure 6C ), but otherwise does not contain any characterized protein domains that 315 allude to its function. Staining of wVitA in Nasonia ovaries revealed a trend of higher Wolbachia 316 titers in the nurse cells of N. vitripennis than N. giraulti (Figure S1B Drosophila, Wolbachia wMel bacteria in the oocyte increase proportionally faster than those in 322 the nurse cells [47] . If the same is true for Nasonia, then high wVitA densities in N. giraulti 323 could be a result of increased wVitA trafficking to the oocyte (due to a lack of repression by 324 Wds g ) compounded with faster proliferation once in the oocyte. 325
Alternatively, Wds v could suppress Wolbachia replication by upregulating a host immune 326 response or by downregulating host pathways that Wolbachia rely upon for growth. For example, 327 inhibiting host proteasome activity in Drosophila significantly reduces Wolbachia oocyte titers 328
[49], presumably due to a reduction in the availability of amino acids, a key nutrient that 329
Wolbachia scavenges from its host [50] . However, if Wds v regulates a general host pathway that 330
impacts Wolbachia replication (such as host proteolysis), then we would expect both wVitA and 331 wVitB titers to increase when transferred to N. giraulti. Instead, the strain-specificity of Wds v 332 suggests a more direct interaction with Wolbachia, such as a competitive inhibitor of motor 333 protein binding and nurse cell to oocyte trafficking, as discussed above. 334
The findings presented here indicate that keeping maternally-transmitted symbionts in 335 check can have a simple genetic basis, even for obligate intracellular bacteria that must be 336 regulated within host cells and tissues. Moreover, a single maternal effect gene with a major 337 consequence on the density phenotype demonstrates how natural selection can rapidly shape the 338 evolution of density suppression of maternally transmitted symbionts in invertebrates. Future 339 studies are warranted to tease apart the specific host-Wolbachia interactions driving Wolbachia 340 regulation in Nasonia and to determine whether these interactions are paralleled in other insect-341
Wolbachia symbioses. 342
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